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Background: Available evidence concerning the association between air pollution and 
preeclampsia is limited, and specific associations with early- and late-onset preeclampsia have not 
been assessed.

Objectives: We investigated the association, if any, between preeclampsia (all, early-, and late-
onset) and exposure to nitrogen dioxide, nitrogen oxides, particulate matter with aerodynamic 
diameter ≤ 2.5 μm (PM2.5; fine particles), ≤ 10 μm, and 2.5–10 μm, and PM2.5 light absorption 
(a proxy for elemental carbon) during the entire pregnancy and during the first, second, and 
third trimesters.

Methods: This study was based on 8,398 pregnancies (including 103 cases of preeclampsia) among 
women residing in Barcelona, Spain (2000–2005). We applied a spatiotemporal exposure assessment 
framework using land use regression models to predict ambient pollutant levels during each week of 
pregnancy at the geocoded residence address of each woman at the time of birth. Logistic and condi-
tional logistic regression models were used to estimate unadjusted and adjusted associations.

Results: We found positive associations for most of our evaluated outcome–exposure pairs, with 
the strongest associations observed for preeclampsia and late-onset preeclampsia in relation to the 
third-trimester exposure to fine particulate pollutants, and for early-onset preeclampsia in rela-
tion to the first-trimester exposure to fine particulate pollutants. Among our investigated associa-
tions, those of first- and third-trimester exposures to PM2.5 and third-trimester exposure to PM2.5 
absorbance and all preeclampsia, and third-trimester PM2.5 exposure and late-onset preeclampsia 
attained statistical significance.

Conclusion: We observed increased risk of preeclampsia associated with exposure to fine particu-
late air pollution. Our findings, in combination with previous evidence suggesting distinct patho-
genic mechanisms for early- and late-onset preeclampsia, support additional research on this topic.
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Introduction
Preeclampsia is a pregnancy-induced hyper-
tensive disorder characterized by high blood 
pressure and proteinuria after the 20th week 
of pregnancy (Sibai et al. 2005). It is one of 
the leading causes of maternal mortality and 
morbidity worldwide and is associated with 
adverse pregnancy outcomes including peri-
natal death, preterm birth, and intrauterine 
growth retardation (Sibai et al. 2005).

Exposure to air pollution has been asso-
ciated with a range of conditions including 
hypertension, cardiovascular mortality, and 
adverse pregnancy outcomes (Rückerl et al. 
2011; Stieb et al. 2012; Sun et al. 2010). There 
is also some evidence of associations between 
air pollution exposure and higher blood pres-
sure in pregnant women (van den Hooven 
et al. 2011; Vigeh et al. 2011; Vinikoor-Imler 
et  al. 2012). However, previous findings 
regarding the association between air pollu-
tion and preeclampsia are limited and have 
been inconsistent (Lee et al. 2012; Pereira et al. 
2012; Rudra et al. 2011; Wu et al. 2009).

Preeclampsia is classified as early-onset 
when it is diagnosed between weeks 20 and 

34 of pregnancy, and as late-onset if diag-
nosed after week 34 (Trogstad et al. 2011; 
Valensise et al. 2008). Early-onset preeclamp-
sia, which accounts for about 20% of pre-
eclampsia cases (Huppertz 2008; Sibai et al. 
2005), is associated with more severe maternal 
and fetal complications than late-onset pre-
eclampsia, including maternal mortality, still-
birth, and fetal growth restriction (Hutcheon 
et  al. 2011; Valensise et  al. 2008). It has 
been suggested that risk factors for early- and 
late-onset preeclampsia should be evaluated 
separately because the outcomes may have 
distinct pathogenic mechanisms (Trogstad 
et al. 2011; Valensise et al. 2008). Early-onset 
preeclampsia may result from abnormal pla-
centa implantation due to impaired tropho-
blast invasion, whereas late-onset preeclampsia 
may reflect primarily maternal factors such 
as genetic predisposition or high body mass 
index (BMI), or increased placental mass or 
surface area secondary to maternal diabetes, 
anemia, multiple pregnancies, high alti-
tude, and other conditions (Huppertz 2008; 
Trogstad et al. 2011; Valensise et al. 2008). 
To our knowledge, previous epidemiological 

studies have not reported associations between 
air pollution and early- or late-onset 
preeclampsia as separate outcomes.

In the present study we aimed to estimate 
associations, if any, between preeclampsia 
(all preeclampsia and early-onset and late-
onset preeclampsia) and exposure to ambi-
ent air pollutants during pregnancy (overall 
and by trimester), including nitrogen dioxide 
(NO2), nitrogen oxides (NOx), particulate 
matter with aerodynamic diameter ≤ 10 μm 
(PM10), ≤  2.5  μm (PM2.5), 2.5–10  μm 
(PM2.5–10; coarse particulate matter), and 
PM2.5 light absorption (hereafter referred to 
as PM2.5 absorbance), a proxy measure of 
elemental carbon.

Materials and Methods 
Study population. This study was based on 
hospital records from the obstetrics depart-
ment of the Hospital Clinic de Barcelona 
for all pregnancies that were observed from 
the first visit (normally at the end of the 
first trimester) to delivery between March 
2000 and June 2005 among mothers resid-
ing in Barcelona, Spain. Hospital Clinic 
de Barcelona is a major university hospital 
covering Barcelona city with a catchment 
area of about 1 million inhabitants (Figueras 
et al. 2008). In Spain, pregnant women are 
advised to have the first hospital visit (book-
ing time) at the end of the first trimester (i.e., 
week 12), which is the starting point for the 
hospital records. The median (interquartile 
range; IQR) gestational age at booking time 
for our study sample was 11.5 (1.3) weeks. 
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The hospital records detailed a wide range of 
information on maternal and fetal charac-
teristics together with clinical data on preg-
nancy and delivery. Preeclampsia was defined 
according to the International Society for the 
Study of Hypertension in Pregnancy as rest-
ing blood pressure ≥ 140/90 mmHg on two 
occasions at least 4 hr apart and proteinuria 
≥ 0.3 g/dL after the 20th week of gestation in 
previously normotensive women (Brown et al. 
2001). Ethics approval (no. 2008/3115/I) was 
obtained from the Clinical Research Ethical 
Committee of the Parc de  Salut MAR, 
Barcelona, Spain, to carry out this study. 
Informed consent was not required because 
we used anonymized routinely collected 
hospital data retrospectively.

Barcelona is a port on the Northeastern 
Iberian Peninsula that has a Mediterranean 
climate, with hot and dry summers and mild 
winters. Air pollution concentrations in 
Barcelona are among the highest in Europe, 
partly attributed to high traffic density and the 
large proportion (~ 50%) of diesel-powered 
vehicles, relatively low precipitation, high 
population density (~ 16,000/km2), and an 
urban landscape characterized by 5- to 6‑story 
buildings and narrow streets, which reduces 
the dispersion of pollutants (Ajuntament de 
Barcelona 2012; Amato et al. 2009).

Exposure assessment. Our spatiotemporal 
exposure assessment approach was based on 
a land use regression (LUR) modeling frame-
work developed in the European Study of 
Cohorts for Air Pollution Effects (ESCAPE) 
framework (Beelen et al. 2013; Cyrys et al. 
2012; Eeftens et al. 2012a, 2012b). Following 

the ESCAPE protocol (Beelen et al. 2013; 
Eeftens et al. 2012a), we selected 20 mea-
surement sites for PM10, PM2.5–10, PM2.5, 
and PM2.5 absorbance, and 40 measurement 
sites for NO2 and NOx. These sites included 
both traffic and background locations, and 
represented the gradient of various land use, 
emission sources, and traffic characteristics 
(Figure 1). Three 2‑week monitoring cam-
paigns were conducted in 2009 during dif-
ferent seasons. Estimates were adjusted using 
data from an ESCAPE background moni-
tor to account for temporal trends in pol-
lutants between 2009 and the study period 
(2000–2005). GIS (geographic information 
system) data on land uses, traffic indicators, 
population density, and geographic descrip-
tion of study area were obtained to create 
potential predictor variables. Multiple linear 
regression models were constructed separately 
for each pollutant following the ESCAPE 
supervised forward selection protocol (Beelen 
et al. 2013; Eeftens et al. 2012a) using annual 
average concentrations obtained from the 
sampling campaign as outcomes. Predictor 
variables included in the final LUR models 
for each pollutant, the coefficients of deter-
mination (R2) and root mean square error 
(RMSE) for the final LUR models, and their 
corresponding leave-one-out cross-validations, 
are presented in Supplemental Material, 
Table S1. The adjusted R2 of the final LUR 
models ranged from 0.71 to 0.85 for the dif-
ferent pollutants, and the cross-validation R2 
ranged from 0.65 to 0.82.

We obtained residential addresses at 
the time of birth from hospital records and 

geocoded to the exact address by the carto-
graphic unit of Barcelona city council using 
an automatic algorithm based on postal 
code, street name, and house number. We 
estimated weekly exposure levels to each pol-
lutant for each woman by combining the 
LUR spatial estimates of pollutants for her 
geocoded residence at the time of birth with 
a temporal adjustment factor based on rou-
tine monitoring data, following ESCAPE 
guidelines (Beelen et al. 2013; Eeftens et al. 
2012a). Specifically, we used the ratio of 
the concentration measured at the routine 
monitor in each week of the study period 
(2000–2005) to the annual average during 
2009 (year of sampling campaign) as the 
adjustment factor for that week. NO2 and 
NOx concentrations measured at one rou-
tine background monitoring station were 
used to adjust estimates for NO2 and NOx, 
respectively, and the background NOx mea-
surements were also used to adjust PM2.5 
absorbance levels. Weekly PM10 concentra-
tions from another background monitor were 
used to adjust PM10, PM2.5, and PM2.5–10 
concentrations. High correlations (r ≥ 0.9) 
between measured values of these compo-
nents obtained during the ESCAPE campaign 
support this approximation.

We estimated average exposures to each 
pollutant during four exposure windows (the 
entire pregnancy and each trimester of preg-
nancy) by averaging LUR-predicted weekly 
levels of that pollutant over each time period 
for each woman. Exposure periods ended on 
the date of diagnosis for women with pre-
eclampsia (i.e., cases) to ensure that exposure 
preceded the outcome.

Main analyses. We performed separate 
logistic regression models for each pol-
lutant during each exposure period (entire 
pregnancy, first trimester, second trimester, 
and third trimester) for each outcome (pre-
eclampsia, early-onset preeclampsia, late-onset 
preeclampsia), for a total of 72 analyses. To 
facilitate comparisons among the pollut-
ants, we report odds ratios (OR) for a 1‑IQR 
increase in each pollutant during each 
time window.

Analyses were adjusted for the fol-
lowing a  priori covariates: neighborhood 
socioeconomic status [quartiles of MEDEA 
(Mortalidad en áreas pequeñas Españo- 
las y Desigualdades Socioeconómicas y 
Ambientales) index] (Domínguez-Berjón 
et  al. 2008), ethnicity (white, nonwhite, 
mixed), education level (none/primary, 
secondary, or university), marital status 
(single mother: yes/no), age at enrollment 
(< 35 or ≥ 35 years), smoking during preg-
nancy (yes/no), alcohol consumption dur-
ing pregnancy (yes/no), BMI at the first 
hospital visit (at the end of the first trimes-
ter), pregestational/gestational diabetes during 

Figure 1. Locations of NOx/NO2 and particulate matter (PM) monitoring sites for air pollution sampling 
campaigns in Barcelona, 2009.
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current pregnancy (single variable: yes/no), 
parity (0, 1, ≥ 2), multiple pregnancy (yes/no), 
season of conception (spring/summer or fall/
winter), and year of conception (Huppertz 
2008; Sibai et al. 2005; Trogstad et al. 2011; 
Valensise et al. 2008). MEDEA index mea-
sures deprivation at the census-tract level 
(from the 2001 census) based on five domains 
including percentage of manual workers, tem-
porary workers, people with low education 
(overall), young population with low educa-
tion, and unemployment (Domínguez-Berjón 
et al. 2008). These domains have been shown 
to explain 75% of the variability of all socio-
economic variables available in the Spanish 
census (Domínguez-Berjón et al. 2008). In the 
2001 Census, there were 1,491 census tracts 
across the city of Barcelona with a median 
area of 0.02 km2 and population of 992. We 
also evaluated adjustment for age modeled as 
a three-category variable using indicator terms 
(< 20, 20–35, or > 35 years old), but associa-
tions were comparable to those from models 
adjusted for the two-category age variable 
(data not shown).

There were 1,508 women (of 8,398 
women) with missing values for one or more 
model covariates (primarily maternal edu-
cation and body mass index) (Table 1). To 
account for missing covariate information, we 
conducted multiple imputation by chained 
equations carrying out 100 imputations with 
10 cycles for each imputation that generated 
100 complete data sets. We analyzed these 
100 data sets following the standard combina-
tion rules for multiple imputations (Spratt 
et  al. 2010) as described in Supplemental 
Material (see Supplemental Material, page 2). 

Sensitivity analysis. The main analyses 
were based on all women. The median ges-
tational age at delivery was lower for women 
with preeclampsia (37.6 weeks) than other 
women (40.2 weeks, Mann–Whitney U‑test 
p  <  0.001), and exposures were averaged 
only up to the diagnosis date of preeclampsia 
among cases. Therefore, because of tempo-
ral variation in pollutant levels, the shorter 
duration of exposure during the third trimes-
ter among women with preeclampsia could 
have resulted in biased exposure assessment 
(Lewis et al. 2011; O’Neill et al. 2003). To 
address this, we also performed a matched 
case–control analysis using risk-set sampling 
to match five controls to each case with expo-
sure among the controls truncated at the ges-
tational age corresponding to the gestational 
age at diagnosis for the preeclampsia case to 
which they were matched. For example, expo-
sures among matched controls for a case diag-
nosed on the 250th day of pregnancy were 
truncated at the 250th day of their pregnan-
cies (Lewis et al. 2011; O’Neill et al. 2003). 
We applied conditional logistic regression 
models to estimate ORs associated with an 

IQR increase in exposure to each pollutant 
during the third trimester in this subset of 
101 cases and 505 matched controls.

Results
Study population. During the course of the 
study, 8,398 pregnant women residing in 
Barcelona city attended the obstetrics depart-
ment of the Hospital Clinic of Barcelona. 
There were 103 (1.2%) women diagnosed 
with preeclampsia, including 26 early-onset 
cases diagnosed before week 34, 75 late-onset 
cases diagnosed during or after week 34, and 
two cases with unknown diagnosis dates. Of 
all study participants, 23% were > 35 years 
of age, 62% were white, 86% were nonsingle 
parents, 18% were smokers during preg-
nancy, 4% consumed alcohol during preg-
nancy, 6% had gestational or pregestational 
diabetes, 59% were nullipara, and 2% had 
multiple pregnancies. Descriptive statistics 
of the characteristics of the women with 

and without preeclampsia are presented in 
Table 1. Compared with women without pre-
eclampsia, those with preeclampsia tended 
to have higher BMI, be single parents, and 
have multiple pregnancies (Table 1). For the 
rest of covariates there was no statistically sig-
nificant difference between women with and 
without preeclampsia.

Exposure assessment. Summary statistics 
of the exposure estimates for each window 
period are shown in Table  2. In general, 
exposure contrasts (i.e., IQRs) were larger 
for trimester-specific exposure than exposures 
over the entire pregnancy. Trimester-specific 
exposure levels were weakly to moderately 
correlated in most cases (Spearman’s cor
relation coefficient ≤ 0.44; see Supplemental 
Material, Table S2).

Main analyses. There were generally 
positive associations between exposure levels 
and the risk of preeclampsia (all cases), with 
the strongest associations observed for the 

Table 1. Descriptive statistics of all women and those with and without preeclampsia, Barcelona, 
2000–2005.

Variable
With preeclampsia 

(n = 103)
Without preeclampsia 

(n = 8,295) p-Valuea

Age (years) 0.44
< 35 76 (73.8) 6,386 (77.0)
≥ 35 27 (26.2) 1,909 (23.0)

Ethnic origin 0.18
White 55 (53.4) 5,123 (61.8)
Nonwhite 16 (15.5) 1,054 (12.7)
Mixed 32 (31.1) 2,045 (24.7)
Missing 0 73 (0.9)

Marital status 0.05
Single parent 21 (20.4) 1,144 (13.8)
Non-single parent 82 (79.6) 7,151 (86.2)

Education level 0.97
None or primary school 24 (23.3) 2,142 (25.8)
Secondary school 39 (37.9) 3,346 (40.3)
University 23 (22.3) 1,901 (22.9)
Missing 17 (16.5) 906 (10.9)

Smoking 0.31
No 91 (88.4) 6,780 (81.8)
Yes 12 (11.6) 1,515 (18.2)

Alcohol consumption 0.53
No 101 (98.1) 7,954 (95.9)
Yes 2 (1.9) 340 (4.1)
Missing 0 1 (0.0)

Diabetes 0.24
No 93 (90.3) 7,732 (93.2)
Yes 10 (9.7) 563 (6.8)

Parity 0.12
0 71 (68.9) 4,919 (59.3)
1 25 (24.3) 2,447 (29.5)
≥ 2 7 (6.8) 929 (11.2)

BMI [median (IQR)] 23.6 (6.9) 22.3 (4.5) < 0.01
Missing 23 936

Multiple pregnancy < 0.01
No 97 (94.2) 8,151 (98.3)
Yes 6 (5.8) 144 (1.7)

Season of conception 0.97
Spring/summer 55 (53.4) 4,445 (53.6)
Autumn/winter 48 (46.6) 3,850 (46.4)

Data are presented as n (%) except as noted. 
ap-Value for difference between women with and without preeclampsia based on Mann–Whitney U-test (for maternal 
age) or chi-square test (all other variables).
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exposures to fine particulate pollutants dur-
ing the third trimester; however, the asso-
ciations were statistically significant (p < 0.05) 
only for the third-trimester exposure to 
PM2.5 and PM2.5 absorbance and the entire 
pregnancy exposure to PM2.5 (Figure 2; see 
also Supplemental Material, Table S3). IQR 
increases in exposure to PM2.5 during the 
entire pregnancy (5.1 μg/m3) and the third 
trimester (7.3 μg/m3) were associated, respec-
tively, with preeclampsia: ORs of 1.32 (95% 
CI: 1.02, 1.71) and 1.51 (95% CI: 1.13, 
2.01). We also observed a preeclampsia OR 
of 1.39 (95% CI: 1.01, 1.93) associated with 
a 1‑IQR increase (2.1 10–5/m) in the third-
trimester exposure to PM2.5 absorbance.

For early-onset preeclampsia, we observed 
increased risks associated with exposure lev-
els, particularly in association with exposure 
to fine particulate pollutants during the first 
trimester; however, none of the associations 
attained statistical significance (Figure 2; see 
also Supplemental Material, Table S4).

The largest increases in the risk of late-
onset preeclampsia were associated with 
exposure to particulate pollutants during the 
third trimester, with a statistically significant 
association only for the third-trimester PM2.5 
exposure (Figure 2; see also Supplemental 
Material, Table  S5). An IQR increase 
(7.3 μg/m3) in this exposure was associated 
with an OR of 1.42 (95% CI: 1.01, 2.00) for 
late-onset preeclampsia.

Sensitivity analysis. The results of the 
matched case–control analysis were gener-
ally consistent with those of main analyses 
in terms of the direction of associations (see 
Supplemental Material, Table S6). Regarding 
to the strength of the associations, for early- 
and late-onset preeclampsia, the associations 
tended to be stronger in the sensitivity analy-
ses compared with the main analyses; how-
ever, for all preeclampsia cases, the pattern 
was mixed; and whereas for some exposure–
outcome pairs the associations seemed to 
be stronger in the main analyses, for other 

exposure–outcome pairs the associations were 
weaker or not different.

Discussion
To our knowledge, our study is the first to 
separately estimate associations of air pollu-
tion with early- and late-onset preeclampsia 
and to estimate associations with exposure to 
PM2.5–10 and PM2.5 absorbance. We applied 
a LUR-based spatiotemporal exposure 
assessment framework to predict pollut-
ant levels during each week of pregnancy 
at the geocoded residential address of each 
woman at the time of delivery. We found 
positive associations for most of our evalu-
ated exposure–outcome pairs, with the stron-
gest associations observed for preeclampsia 
and late-onset preeclampsia in relation to 
third-trimester exposure to fine particulate 
pollutants and for early-onset preeclampsia 
in relation to first-trimester exposure to fine 
particulate pollutants. Among our investi-
gated associations, only those of first- and 
third-trimester exposures to PM2.5 and third-
trimester exposure to PM2.5 absorbance and 
all preeclampsia and the third-trimester PM2.5 
exposure and late-onset preeclampsia attained 
statistical significance.

Our observed 1.2% prevalence of pre-
eclampsia for Barcelona for the period 
2000–2005 was consistent with findings of a 
multicenter study including 6,586 pregnant 
women from Barcelona metropolitan area and 
Palma de Mallorca during 2002–2006 that 

Table 2. Median (IQR) of estimated exposure levels of women (n = 8,398) averaged over each exposure 
window period, Barcelona, 2000–2005.

Pollutant Entire pregnancy Trimester 1 Trimester 2 Trimester 3
NOx (μg/m3) 107.5 (43.7) 105.3 (73.4) 107.8 (73.6) 106.5 (73.8)
NO2 (μg/m3) 55.7 (19.7) 56.8 (28.1) 58.0 (27.8) 57.7 (27.7)
PM2.5 (μg/m3) 16.5 (5.1) 17.0 (7.6) 17.3 (7.4) 17.3 (7.3)
PM2.5–10 (μg/m3) 21.7 (5.9) 22.9 (9.2) 23.3 (9.1) 23.0 (8.8)
PM10 (μg/m3) 39.0 (10.3) 41.2 (15.8) 41.7 (15.4) 41.3 (15.2)
PM2.5 absorbance (10–5/m) 3.2 (1.2) 3.1 (2.1) 3.2 (2.1) 3.2 (2.1)

Figure 2. Adjusted ORs (95% CIs) of preeclampsia (separately for all cases, early-onset, and late-onset) associated with a 1-IQR increase in exposure to each pol-
lutant separately for each exposure window period, Barcelona, 2001–2005 (n = 8,398).
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reported a preeclampsia prevalence of 1.2% 
(Llurba et al. 2009). Late-onset preeclamp-
sia constituted 74% of our diagnoses of pre-
eclampsia, in line with the reported 80% for 
such a contribution (Hutcheon et al. 2011; 
Valensise et al. 2008). Our analytical strategy 
led to performing a total of 72 comparisons. 
Instead of adjusting for multiple compari-
son, we emphasized on the interpretation 
of our findings based on our hypothesized 
mechanisms (Feise 2004; Rothman 1990). 
We observed a 32% increase in the risk of 
preeclampsia in association with a 5.1‑μg/m3 
increase in PM2.5 exposure during the entire 
pregnancy, which is comparable with those 
of Wu et al. (2009), who showed an 11% 
increase in preeclampsia in association with 
a 1.4‑μg/m3 increase in PM2.5 exposure dur-
ing the entire pregnancy. Our study showed 
little evidence of an association between 
PM10 exposure and preeclampsia, which is 
consistent with other studies showing no asso-
ciation for PM10 exposure during the entire 
pregnancy (van  den  Hooven et  al. 2011) 
or the first trimester (Lee et al. 2012). Wu 
et al. (2009) reported an association between 
preeclampsia and NOx exposure during the 
entire pregnancy. We found an elevated risk 
of preeclampsia in relation to this exposure 
which was not statistically significant. Our 
observed statistically nonsignificant increased 
risk of preeclampsia in association with NO2 
exposure during the entire pregnancy was in 
line with findings of another study reporting 
no statistically significant association for such 
an exposure (van den Hooven et al. 2011; 
Woodruff et al. 2008). However, Pereira et al. 
(2012) reported a positive association between 
preeclampsia and NO2 exposure during the 
entire pregnancy as well as the third trimes-
ter. We are not aware of any other studies 
reporting on the association between pre-
eclampsia and exposure to PM2.5–10 or PM2.5 
absorbance. PM2.5 absorbance is considered a 
marker of diesel soot (Hochadel et al. 2006). 
In Barcelona, about half of the vehicles are 
diesel powered, which may provide context 
to our observed association between PM2.5 
absorbance and preeclampsia.

Early-onset preeclampsia has been asso-
ciated with impaired placenta implantation 
occurring during the first trimester, whereas 
late-onset preeclampsia has been linked to 
some maternal susceptibilities such as genetic 
predisposition, high BMI, and/or increased 
placental mass/surface, which can progress 
to clinical manifestations in later stages of 
pregnancy (Trogstad et al. 2011; Valensise 
et al. 2008). Previous studies (Lee et al. 2012; 
Pereira et al. 2012; Rudra et al. 2011) analyz-
ing the first-trimester exposure to air pollution 
found an increased risk of preeclampsia that 
was not statistically significant. However, they 
did find a statistically significant increase in 

the risk of preeclampsia in association with 
exposure during the entire pregnancy (Pereira 
et al. 2012; Wu et al. 2009) or the third tri-
mester (Pereira et al. 2012). All these studies 
analyzed preeclampsia as a whole, and our 
study is the first to analyze early- and late-
onset preeclampsia as separate outcomes. 
Estimated associations for early-onset pre-
eclampsia (n = 26) with first-trimester expo-
sures (the relevant exposure window for 
placenta implantation) were considerably 
larger (though not statistically significant) 
than those for the late-onset preeclampsia 
(n = 75). For example, although we observed 
an OR of 1.69 (95% CI: 0.93, 3.05) for 
early-onset preeclampsia in association with 
first-trimester exposure to PM2.5, the OR for 
late-onset preeclampsia associated with this 
exposure was 1.14 (95% CI: 0.79, 1.66). Our 
observed stronger associations for early-onset 
preeclampsia in association with the exposures 
during the first trimester (i.e., the period when 
placenta implantation occurs) could be com-
patible with the proposed impaired placenta 
implantation model for early-onset preeclamp-
sia. On the other hand, we found an increased 
risk of late-onset preeclampsia in association 
with third-trimester exposure to PM2.5, which 
might suggest that the PM2.5 exposure in late 
pregnancy could have triggered the progress 
of maternal susceptibility to clinical pre-
eclampsia. However, our observed differences 
between our estimated ORs for early- and 
late-onset preeclampsia in association with 
third-trimester exposures were less consistent 
compared with those of first-trimester expo-
sures, and the 95% CI of ORs of early- and 
late-onset preeclampsia associated with both 
exposures were overlapping.

The difference in the length of exposure 
between cases and controls has been suggested 
to be a possible source of bias in studies of 
time-varying environmental factors and preg-
nancy outcomes (Lewis et al. 2011; O’Neill 
et al. 2003). For example, in a study of the 
association between water disinfection by-
products and preterm birth (gestational age 
at delivery < 37 weeks), Lewis et al. (2011) 
demonstrated that the shorter length of expo-
sure in cases (preterm births) than in con-
trols (term births) could bias associations with 
exposure during the third trimester. In our 
analyses, the average duration of pregnancy 
was shorter for women with preeclampsia 
than for other women, and the length of time 
over which exposures during the third tri-
mester were averaged was reduced because 
exposures were truncated on the date of pre-
eclampsia diagnosis to ensure that exposures 
preceded the outcome. Given recommenda-
tions by Lewis et al. (2011) and O’Neill et al. 
(2003), we conducted a sensitivity analysis of 
associations with third-trimester exposures by 
matching cases and controls according to the 

length of exposure. The results of this analysis 
were generally consistent with the main analy-
sis based on all women in terms of direction 
of associations; however, for early- and late-
onset preeclampsia, the associations tended 
to be stronger in the sensitivity analyses com-
pared with the main analyses, and this could 
suggest a potential downward change in the 
risk estimates of the main analyses.

Placental dysfunction has been proposed 
to play a central role in the pathogenesis of 
preeclampsia (Sibai et al. 2005; Wang et al. 
2009). Maternal–fetal immune maladapta-
tion, oxidative stress, and placental ischemia/
hypoxia may contribute to placental dys-
function, which results in the release of anti-
angiogenic factors and other inflammatory 
mediators from placenta. These factors and 
mediators can lead to endothelial dysfunction, 
which underlies the clinical manifestations 
of preeclampsia (Baumwell and Karumanchi 
2007; Wang et al. 2009). Exposure to par-
ticulate air pollution has been linked to oxi-
dative stress (Janssen et  al. 2012; Kannan 
et al. 2006), release of inflammatory media-
tors (Becker et al. 2005; Latzin et al. 2011), 
and endothelial dysfunction (Bind et  al. 
2012; Brook et al. 2010). For instance, PM2.5 
exposure has been associated with elevated 
blood levels of two markers of endothelial dys-
function—intercellular adhesion molecule‑1 
(ICAM‑1) and vascular cell adhesion mol-
ecule‑1 (VCAM‑1) (Bind et al. 2012)—which 
are also shown to increase in preeclampsia 
(Austgulen et al. 1997). Exposure to PM2.5 
has also been linked to the release of cyto-
kines, including interleukin‑6 (Thompson 
et al. 2009), which are reported to be involved 
in pathogenesis of preeclampsia (LaMarca 
et al. 2011).

The spatiotemporal assessment of the 
exposure to air pollution in our study was 
based on validated LUR modeling approaches. 
LUR models are reported to be able to char-
acterize the small-scale within-city varia-
tion of pollutant levels (Hoek et al. 2008); 
however, a previous study (Wu et al. 2011) 
reported that associations between air pol-
lution and preeclampsia were comparable 
when exposures were estimated using LUR 
models or more simplistic exposure assess-
ment methods such as surrounding traffic 
density or nearest monitor measurements. 
Our exposure assessment was based on each 
mother’s residential address at the time of 
delivery, which may result in exposure mis-
classification due to maternal residential 
mobility during pregnancy. A study of four 
Spanish birth cohorts that are likely to be 
similar to our study population reported that 
only 1–6% of mothers moved during preg-
nancy in 2003–2008 (Estarlich et al. 2011). 
Furthermore, our spatial exposure component 
was estimated for 2008–2009, whereas health 
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outcomes were assessed during 2000–2005. 
The temporal adjustment of LUR spatial esti-
mates of pollutant levels assumed that the 
city spatial surface and the spatial distribu-
tion of pollutants remained constant over the 
study period. We did not examine the stabil-
ity of the spatial contrast of air pollutant lev-
els across our study region; however, studies 
in Rome, Italy, and in the Netherlands have 
documented stability of such a spatial con-
trast over a long period (Cesaroni et al. 2012; 
Eeftens et al. 2011). Finally, we used ambi-
ent levels of pollutant levels at the maternal 
residence address as a surrogate for personal 
exposure, which could overlook the poten-
tial variation between ambient and personal 
exposure levels resulting from different fac-
tors, including maternal time–activity pat-
terns and home characteristics such as type 
of cooking appliances and use of air condi-
tioner. These limitations might have resulted 
in exposure misclassification. Our analyses 
did not account for some potential risk fac-
tors of preeclampsia such as maternal diet 
and psychophysiological stress for which we 
did not have data. Also, our analyses were 
based on single-pollutant models, so com-
bined effects and confounding by other pol-
lutants was not accounted for. Furthermore, 
our findings were based on a relatively small 
number of preeclampsia cases (particularly for 
early-onset preeclampsia), and therefore they 
require further confirmation by future studies.

Conclusion
To date, the available body of evidence on 
the association between air pollution and 
preeclampsia is limited and inconsistent. We 
studied the association between preeclampsia 
(all, early-, and late-onset) and exposure to 
PM2.5, PM2.5–10, PM10, PM2.5 absorbance, 
NOx, and NO2 during the entire pregnancy 
and each trimester of pregnancy. We found 
positive associations for most of our evalu-
ated exposure–outcome pairs, with only those 
of first- and third-trimester exposures to 
PM2.5 and third-trimester exposure to PM2.5 
absorbance and preeclampsia and the third 
trimester PM2.5 exposure and late-onset pre-
eclampsia being statistically significant. For 
preeclampsia and late-onset preeclampsia we 
observed the strongest associations in rela-
tion with third-trimester exposure levels and 
for early-onset preeclampsia in relation with 
first-trimester exposure levels. The stronger 
associations for early-onset preeclampsia in 
association with first-trimester exposure lev-
els could be compatible with the proposed 
impaired placenta implantation model for 
this outcome. We recommend that future 
studies investigate associations with specific 
components of particulate matter, and carry 
out separate analyses for early- and late-onset 
preeclampsia.

References

Ajuntament de Barcelona. 2012. Dades bàsiques de mobilitat 
2011 [in Catalan]. Available: http://w110.bcn.cat/Mobilitat/
Continguts/Documents/Fitxers/dadesbasiques2011complert.
pdf [accessed 22 February 2013].

Amato F, Pandolfi M, Escrig A, Querol X, Alastuey A, Pey J, 
et al. 2009. Quantifying road dust resuspension in urban 
environment by multilinear engine: a comparison with 
PMF2. Atmospheric Environment 43(17):2770–2780.

Austgulen R, Lien E, Vince G, Redman CWG. 1997. Increased 
maternal plasma levels of soluble adhesion molecules 
(ICAM-1, VCAM-1, E-selectin) in preeclampsia. Eur J 
Obstet Gynecol Reprod Biol 71(1):53–58.

Baumwell S, Karumanchi SA. 2007. Pre-eclampsia: clinical 
manifestations and molecular mechanisms. Nephron Clin 
Pract 106(2):c72–c81.

Becker S, Dailey LA, Soukup JM, Grambow SC, Devlin RB, 
Huang YCT. 2005. Seasonal variations in air pollution 
particle-induced inflammatory mediator release and oxi-
dative stress. Environ Health Perspect 113:1032–1038; 
doi:10.1289/ehp.7996.

Beelen R, Hoek G, Vienneau D, Eeftens M, Dimakopoulou K, 
Pedeli X, et al. 2013. Development of NO2 and NOx land use 
regression models for estimating air pollution exposure 
in 36 study areas in Europe – the ESCAPE project. Atmos 
Environ 72:10–23; doi:10.1016/j.atmosenv.2013.02.037.

Bind MA, Baccarelli A, Zanobetti A, Tarantini L, Suh H, 
Vokonas P, et al. 2012. Air pollution and markers of coagu-
lation, inflammation, and endothelial function: associa-
tions and epigene-environment interactions in an elderly 
cohort. Epidemiology 23(2):332–340.

Brook RD, Rajagopalan S, Pope CA III, Brook JR, Bhatnagar A, 
Diez-Roux AV, et al. 2010. Particulate matter air pollu-
tion and cardiovascular disease: an update to the sci-
entific statement from the American Heart Association. 
Circulation 121(21):2331–2378.

Brown MA, Lindheimer MD, de Swiet M, Van Assche A, 
Moutquin JM. 2001. The classification and diagnosis of 
the hypertensive disorders of pregnancy: statement from 
the International Society for the Study of Hypertension in 
Pregnancy (ISSHP). Hypertens Pregnancy 20(1):IX–XIV.

Cesaroni G, Porta D, Badaloni C, Stafoggia M, Eeftens M, 
Meliefste K, et al. 2012. Nitrogen dioxide levels estimated 
from land use regression models several years apart and 
association with mortality in a large cohort study. Environ 
Health 11:48; doi:10.1186/1476-069X-11-48.

Cyrys J, Eeftens M, Heinrich J, Ampe C, Armengaud A, 
Beelen R, et al. 2012. Variation of NO2 and NOx concentra-
tions between and within 36 European study areas: results 
from the ESCAPE study. Atmos Environ 62:374–390.

Domínguez-Berjón MF, Borrell C, Cano-Serral G, Esnaola S, 
Nolasco A, Pasarín MI, et al. 2008. Construcción de un 
índice de privación a partir de datos censales en grandes 
ciudades españolas (Proyecto MEDEA) [in Spanish]. Gac 
Sanit 22(3):179–187.

Eeftens M, Beelen R, de Hoogh K, Bellander T, Cesaroni G, 
Cirach M, et al. 2012a. Development of land use regression 
models for PM2.5, PM2.5 absorbance, PM10 and PMcoarse in 
20 European study areas; results of the ESCAPE project. 
Environ Sci Technol 46(20):11195–11205.

Eeftens M, Beelen R, Fischer P, Brunekreef B, Meliefste K, 
Hoek G. 2011. Stability of measured and modelled spa-
tial contrasts in NO2 over time. Occup Environ Med 
68(10):765–770.

Eeftens M, Tsai M-Y, Ampe C, Anwander B, Beelen R, 
Bellander T, et al. 2012b. Spatial variation of PM2.5, PM10, 
PM2.5 absorbance and PMcoarse concentrations between 
and within 20 European study areas and the relationship 
with NO2—Results of the ESCAPE project. Atmos Environ 
62(0):303–317.

Estarlich M, Ballester F, Aguilera I, Fernández-Somoano A, 
Lertxundi A, Llop S, et al. 2011. Residential exposure to 
outdoor air pollution during pregnancy and anthropometric 
measures at birth in a multicenter cohort in Spain. Environ 
Health Perspect 119:1333–1338; doi:10.1289/ehp.1002918.

Feise RJ. 2004. Do multiple outcome measures require 
p-value adjustment? BMC Med Res Methodol 2:8–11; 
doi:10.1186/1471-2288-2-8.

Figueras F, Meler E, Iraola A, Eixarch E, Coll O, Figueras J, et al. 
2008. Customized birthweight standards for a Spanish 
population. Eur J Obstet Gynecol 136(1):20–24.

Hochadel M, Heinrich J, Gehring U, Morgenstern V, 

Kuhlbusch T, Link E, et al. 2006. Predicting long-term aver-
age concentrations of traffic-related air pollutants using 
GIS-based information. Atmos Environ 40(3):542–553.

Hoek G, Beelen R, de Hoogh K, Vienneau D, Gulliver J, 
Fischer P, et al. 2008. A review of land-use regression 
models to assess spatial variation of outdoor air pollution. 
Atmos Environ 42(33):7561–7578.

Huppertz B. 2008. Placental origins of preeclampsia. 
Hypertension 51(4):970–975.

Hutcheon JA, Lisonkova S, Joseph KS. 2011. Epidemiology 
of pre-eclampsia and the other hypertensive disorders 
of pregnancy. Best Pract Res Clin Obstet Gynaecol 
25(4):391–403.

Janssen BG, Munters E, Pieters N, Smeets K, Cox B, Cuypers A, 
et al. 2012. Placental mitochondrial DNA content and par-
ticulate air pollution during in utero life. Environ Health 
Perspect 120:1346–1352; doi:10.1289/ehp.1104458.

Kannan S, Misra DP, Dvonch JT, Krishnakumar A. 2006. 
Exposures to airborne particulate matter and adverse 
perinatal outcomes: a biologically plausible mechanis-
tic framework for exploring potential effect modifica-
tion by nutrition. Environ Health Perspect 114:1636–1642; 
doi:10.1289/ehp.9081.

LaMarca B, Brewer J, Wallace K. 2011. IL-6-induced patho-
physiology during pre-eclampsia: potential therapeutic 
role for magnesium sulfate? Int J Infereron Cytokine 
Mediator Res 2011(3):59–64.

Latzin P, Frey U, Armann J, Kieninger E, Fuchs O, Röösli M, 
et al. 2011. Exposure to moderate air pollution during late 
pregnancy and cord blood cytokine secretion in healthy 
neonates. PLoS ONE 6(8):e23130.

Lee PC, Roberts JM, Catov JM, Talbott EO, Ritz B. 2012. First 
trimester exposure to ambient air pollution, pregnancy com-
plications and adverse birth outcomes in Allegheny County, 
PA. Matern Child Health J DOI 10.1007/s10995-012-1028-5.

Lewis C, Hoggatt KJ, Ritz B. 2011. The impact of different 
causal models on estimated effects of disinfection by-
products on preterm birth. Environ Res 111(3):371–376.

Llurba E, Carreras E, Gratacós E, Juan M, Astor J, Vives A, 
et al. 2009. Maternal history and uterine artery Doppler in 
the assessment of risk for development of early-and late-
onset preeclampsia and intrauterine growth restriction. 
Obstet Gynecol Int 2009:275613.

O’Neill M, Hertz-Picciotto I, Pastore LM, Weatherley BD. 2003. 
Have studies of urinary tract infection and preterm deliv-
ery used the most appropriate methods? Paediatr Perinat 
Epidemiol 17(3):226–233.

Pereira G, Haggar F, Shand AW, Bower C, Cook A, Nassar N. 
2012. Association between pre-eclampsia and locally 
derived traffic-related air pollution: a retrospective cohort 
study. J Epidemiol Community Health; doi:10.1136/jech-
2011-200805.

Rothman KJ. 1990. No adjustments are needed for multiple 
comparisons. Epidemiology 1(1):43–46.

Rückerl R, Schneider A, Breitner S, Cyrys J, Peters A. 2011. 
Health effects of particulate air pollution: a review of epi-
demiological evidence. Inhal Toxicol 23(10):555–592.

Rudra CB, Williams MA, Sheppard L, Koenig JQ, Schiff MA. 
2011. Ambient carbon monoxide and fine particulate 
matter in relation to preeclampsia and preterm delivery 
in western Washington State. Environ Health Perspect 
119:886–892; doi:10.1289/ehp.1002947.

Sibai B, Dekker G, Kupferminc M. 2005. Pre-eclampsia. Lancet 
365(9461):785–799.

Spratt M, Carpenter J, Sterne JAC, Carlin JB, Heron J, 
Henderson J, et al. 2010. Strategies for multiple imputation 
in longitudinal studies. Am J Epidemiol 172(4):478–487.

Stieb DM, Chen L, Eshoul M, Judek S. 2012. Ambient air pollu-
tion, birth weight and preterm birth: a systematic review 
and meta-analysis. Environ Res 117:100–111.

Sun Q, Hong X, Wold LE. 2010. Cardiovascular effects of 
ambient particulate air pollution exposure. Circulation 
121(25):2755–2765.

Thompson AMS, Zanobetti A, Silverman F, Schwartz J, Coull B, 
Urch B, et al. 2009. Baseline repeated measures from 
controlled human exposure studies: associations between 
ambient air pollution exposure and the systemic inflam-
matory biomarkers IL-6 and fibrinogen. Environ Health 
Perspect 118:120–124; doi:10.1289/ehp.0900550.

Trogstad L, Magnus P, Stoltenberg C. 2011. Pre-eclampsia: risk 
factors and causal models. Best Pract Res Clin Obstet 
Gynaecol 25(3):329–342.

Valensise H, Vasapollo B, Gagliardi G, Novelli GP. 2008. 
Early and late preeclampsia two different maternal 



Air pollution and preeclampsia

Environmental Health Perspectives  •  volume 121 | number 11-12 | November-December 2013	 1371

hemodynamic states in the latent phase of the disease. 
Hypertension 52(5):873–880.

van den Hooven EH, de Kluizenaar Y, Pierik FH, Hofman A, 
van Ratingen SW, Zandveld PYJ, et al. 2011. Air pollution, 
blood pressure, and the risk of hypertensive complications 
during pregnancy. Hypertension 57(3):406–412.

Vigeh M, Yunesian M, Shariat  M,  Niroomanesh S, 
Ramezanzadeh F. 2011. Environmental carbon monox-
ide related to pregnancy hypertension. Women Health 
51(8):724–738.

Vinikoor-Imler LC, Gray SC, Edwards SE, Miranda ML. 2012. 
The effects of exposure to particulate matter and neigh-
bourhood deprivation on gestational hypertension. 
Paediatr Perinat Epidemiol 26(2):91–100.

Wang A, Rana S, Karumanchi SA. 2009. Preeclampsia: the 
role of angiogenic factors in its pathogenesis. Physiology 
(Bethesda) 24(3):147–158.

Woodruff TJ, Morello-Frosch R, Jesdale B. 2008. Air pollution 
and preeclampsia among pregnant women in California, 
1996–2004 [Abstract]. Epidemiology 19(6):S310.

Wu J, Ren C, Delfino RJ, Chung J, Wilhelm M, Ritz B. 2009. 
Association between local traffic-generated air pollu-
tion and preeclampsia and preterm delivery in the south 
coast air basin of California. Environ Health Perspect 
117:1773–1779; doi:10.1289/ehp.0800334.

Wu J, Wilhelm M, Chung J, Ritz B. 2011. Comparing expo-
sure assessment methods for traffic-related air pollution 
in an adverse pregnancy outcome study. Environ Res 
111(5):685–692.




